With oligonucleotides modelled after conserved regions within the protein-serine/threonine phosphatases (PPs) of the PP1/2A/2B superfamily, the gene for the archaeal protein phosphatase PP1-arch2 was identified, cloned, and sequenced from the methanogenic archaeon Methanosarcina thermophila TM-1. The DNA-derived amino acid sequence of PP1-arch2 exhibited a high degree of sequence identity, 27 to 31%, with members of the PP1/2A/2B superfamily such as PP1-arch1 from Sulfolobus solfataricus, PP1␣ from rats, PP2A from Saccharomyces cerevisiae, and PP2B from humans. The activity of the recombinant PP1-arch2 was sensitive to several naturally occurring microbial toxins known to potently inhibit eucaryal PP1 and PP2A, including microcystin-LR, okadaic acid, tautomycin, and calyculin A.
MATERIALS AND METHODS

Materials.
All radiochemicals were purchased from NEN/DuPont (Boston, Mass.). Custom oligonucleotides were obtained from DNAgency (Malvern, Pa.), and general laboratory reagents were obtained from Fisher Scientific (Pittsburgh, Pa.) or Sigma (St. Louis, Mo.). Okadaic acid was from LC Laboratories (Woburn, Mass.). Tautomycin was from Calbiochem (La Jolla, Calif.). Calyculin A and microcystin-LR were from Life Technologies, Inc. (Gaithersburg, Md.). Restriction enzymes, T4 DNA ligase, and T4 polynucleotide kinase were from Promega (Madison, Wis.). The Taq polymerase PCR kit was from Perkin-Elmer Cetus (Norwalk, Conn.). Plasmid pRSET C was from Invitrogen (San Diego, Calif.). The PREP-Eze kit was from 5 Prime-3 Prime (Boulder, Colo.). Inhibitor-2 was from New England Biolabs (Beverly, Mass.). M. thermophila TM-1, grown on acetate (20) , and a genomic DNA library from M. thermophila in bacteriophage GEM-12 were the gifts of James G. Ferry of the Pennsylvania State University.
Standard procedures. Protein phosphatase activity was assayed with [ 32 P]phosphocasein as the standard substrate as described previously (8) , with the following modifications. The assay temperature was increased to 37°C, and the concentration of casein-bound [ 32 P]phosphate was 0.5 M. Preparation of other phosphoprotein substrates, etc., was performed as described previously (8) .
Cloning procedures. Touchdown PCR was performed as described by Roux (16) in a volume of 50 l containing 0.5, 1, or 2 g of genomic DNA with oligonucleotide primers each at a concentration of 1 M. The sequences of the primers were 5Ј-GGAATTCCGGNGA(T/C)TA(T/C)GTNGA(T/C)(C/A)G-3Ј and 5Ј-CGGGATCCCG(T/C)TC(A/G)TG(A/G)TTNCCNG(G/T)NA-3Ј. The first sequence contains the adhesive sequence for an EcoRI site at its 5Ј end, and the second contains the sequence for a BamHI site. Initial denaturation was at 94°C for 3 min, followed by a series of three-stage cycles consisting of denaturation at 94°C for 30 s, incubation at the annealing temperature for 1 min, and extension for 1 min at 72°C. After every third cycle, the annealing temperature was decreased by 1°C, from an initial value of 55°C to a final value of 46°C. Southern blotting of M. thermophila TM-1 genomic DNA, oligonucleotide probing of a library of M. thermophila TM-1 genomic DNA in vector GEM-12, and subcloning into plasmid vectors, etc., were performed by standard procedures (1, 17) . The sequence of oligonucleotide probe T1 was as follows: 5Ј-TACCGAGG CTCTTATAAGGCCTT-3Ј. The sequence of oligonucleotide probe S2 was as follows: 5Ј-GGGTCTTCAAGCTTCATCCGGA-3Ј. Manipulation of phage DNA was performed with a PREP-Eze kit according to the manufacturer's protocols. DNA sequencing was performed with a DNA Sequenase kit (version 2.0) from U.S. Biochemical (Cleveland, Ohio).
Expression and isolation of recombinant PP1-arch2. The gene for PP1-arch2 was amplified by PCR from 1 g of genomic DNA with primers, 1 M each, that introduced restriction sites for BamHI at the 5Ј end (5Ј-ACGCGGATCCCCG TGGTATCAAAAAAGGTT-3Ј) and for PstI at the 3Ј end (5Ј-AAAACTGCA GTCTAGAAATTAGTGGCTCAATAAGAG-3Ј). The reaction volume was 50 l. Initial denaturation was conducted at 94°C for 3 min. This was followed by 40 three-stage cycles consisting of denaturation at 94°C for 30 s, incubation at the annealing temperature for 30 s, and extension at 72°C for 2 min. After each cycle the annealing temperature was decreased by 0.2°C, from an initial value of 60°C to a final value of 52.2°C (16) . The resulting PCR product was cloned into expression vector pRSET C (10). Transformed Escherichia coli cells from a 1-liter culture were induced with IPTG (isopropyl-␤-D-thiogalactopyranoside) for 90 min; resuspended in 10 ml of 20 mM Tris-HCl, pH 6.8, containing 0.5 M NaCl, 1 mM imidazole, 1 mM phenylmethylsulfonyl fluoride, 5 mg of lysozyme per ml, and 0.1 mg of DNase I per ml; and incubated on ice for 30 min. The cells were lysed by sonic disruption and centrifuged at 17,000 ϫ g for 20 min, and the soluble extract was applied to a column (1 by 8 cm) of Chelating Sepharose Fast Flow that was charged with ZnSO 4 . The column was washed with 20 mM Tris-HCl, pH 7.0, containing 0.5 M NaCl, followed by a wash with the same buffer to which imidazole, 60 mM, had been added. Recombinant PP1-arch2 was eluted from the column with 20 mM Tris-HCl, pH 7.0, containing 0.5 M NaCl and 250 mM imidazole, concentrated by centrifugal ultrafiltration, and then applied to a column of Sephacryl S-200 that had been equilibrated in 20 mM MES (morpholineethanesulfonic acid), pH 6.5, containing 150 mM NaCl and 0.5 mM EDTA. Fractions, 0.5 ml each, were collected and assayed for protein phosphatase activity and protein concentration. Active fractions, 2.5 ml total, were combined, concentrated, and stored at 4°C until needed.
Nucleotide sequence accession number. The nucleotide sequence for PP1-arch2 has been submitted to the GenBank data bank, which has assigned it accession number U96772.
RESULTS AND DISCUSSION
Cloning of the gene for a potential protein phosphatase from M. thermophila TM-1. Previous studies indicated that the major protein phosphatase activity detected in soluble extracts from M. thermophila TM-1 shared many similarities with the corresponding activity from the archaeon S. solfataricus (15) . Since the gene cloning and purification of the protein phosphatase from S. solfataricus revealed this enzyme, PP1-arch1, to be a member of the PP1/2A/2B superfamily of protein phosphatases (11), we reasoned that the major protein phosphatase from M. thermophila TM-1 belonged to this superfamily as well. This prediction was buttressed by the observation that the protein phosphatase activity from M. thermophila TM-1 cell extracts was sensitive to microbial toxins known to act as potent and specific inhibitors of eucaryal PP1 and PP2A and as relatively weak inhibitors of eucaryal PP2B (5, 12) . A PCRbased strategy employing primers modelled after a region of amino acid sequence conservation shared among the members of the PP1/2A/2B superfamily (including PP1-arch1), Gly-AspTyr-Asp-Arg-(Xaa) 24-30 -Leu-Arg-Gly-Asn-His-Glu, was utilized to identify and isolate a partial clone of the protein phosphatase from M. thermophila TM-1.
The DNA sequence of the PCR product obtained from the M. thermophila DNA was used to design nondegenerate oligonucleotide primers, designated T1 and S2. Southern blots with radiolabeled oligonucleotides T1 and S2 or the PCR product were consistent with the presence of a single gene that hybridized to each of these probes. Next, a genomic library contained in bacteriophage GEM-12 was probed with oligonucleotides T1 and S2, and four plaques were identified that hybridized to each of the two probes. DNA from these plaques was digested with restriction endonuclease BamHI, EcoRI, or SacI, and the resulting DNA fragments were separated according to size by agarose gel electrophoresis. After transfer to a nylon membrane, DNA fragments potentially encoding the protein phosphatase gene were identified by probing with radiolabeled oligonucleotide S2. DNA corresponding to the observed oligonucleotide hybridization signal was subcloned into plasmid vector pUC118. DNA sequencing of the resulting products on both strands revealed that a DNA fragment produced with BamHI contained an open reading frame sufficiently long to encode a protein phosphatase comparable in size to PP1-arch1 or the catalytic subunits of eucaryal PP1 or PP2A, i.e., 30 to 35 kDa.
The DNA-derived amino acid sequence of PP1-arch2 indicates that it is a member of the PP1/2A/2B superfamily. The complete nucleotide and DNA-derived amino acid sequences of the open reading frame encoding PP1-arch2, a potential protein phosphatase from M. thermophila TM-1, predict a polypeptide product 268 amino acids in length with a calculated molecular mass of 30,800 Da (Fig. 1) . The predicted initiation start codon was GTG, rather than the more commonly encountered ATG. Intriguingly, the translation initiation codon for PP1-arch1 from the acidothermophilic archaeon S. solfataricus also is GTG (11) .
The sequence of the presumed protein product, PP1-arch2, exhibits strong similarity to those sequences of members of the PP1/2A/2B superfamily, including PP1-arch1 from S. solfataricus and the catalytic subunit of PP1␣ from rabbit skeletal muscle (Fig. 1) . PP1-arch2 contains 35 of the 42 invariant amino acid residues shared by the eucaryal members of the PP1/2A/2B superfamily (2). PP1-arch2 also possesses 13 of the 14 amino acid residues that exhibit absolute or near-absolute conservation among these eucaryal protein phosphatases, the bacteriophage protein phosphatase, and small-molecule phosphohydrolases such as adenosine tetraphosphatase (2) .
Comparison with several representative members of the PP1/2A/2B superfamily indicates that over the consensus catalytic core domain, which corresponds to residues 11 to 268 for PP1-arch2, the presumed M. thermophila TM-1 protein phosphatase exhibits 27 to 31% amino acid sequence identity. The sole exception to this was the bacteriophage PP, ORF 221, with which it shares only 17% sequence identity. This much lower level of identity is also typical of comparisons between ORF 221 and eucaryal protein phosphatases. Two things stand out from these sequence comparisons. First, the observed degree of sequence identity between PP1-arch2 and eucaryal members of the PP1/2A/2B superfamily approaches the level of sequence identity shared between the various individual eucaryal subgroups themselves, Ն34.6% between PP1 and PP5/PPT (2) . Given the fact that PP1-arch2 is derived from a completely separate phylogenetic domain, a priori the difference between these two figures seems extraordinarily small. Second, PP1-arch2 is no more identical (29%) to its archaeal counterpart, PP1-arch1 from S. solfataricus, than it is to its eucaryal homologs.
Recombinant PP1-arch2 is a functional protein phosphatase. In order to determine whether the gene cloned encoded for a functional protein phosphatase, the open reading frame for PP1-arch2 was amplified by PCR and cloned into expression vector pRSET C, which adds a His 6 sequence to facilitate isolation of the recombinant protein (10). Transformation of E. coli with the resulting plasmid and activation of the vector's gene expression mechanism led to the appearance of increased divalent-metal-ion stimulated phosphocasein phosphatase activity in cell lysates. This activity was purified Ϸ100-fold via zinc-chelate affinity chromatography and gel filtration chromatography on a column of Sephacryl S-200. Analysis of the Sephacryl S-200 fraction by sodium dodecyl sulfate-polyacrylamide gel electrophoresis revealed the presence of a major Recombinantly produced PP1-arch2, 15 ng of the Sephacryl S-200 fraction, was assayed for activity under standard conditions except that, where indicated, the following microbial toxins were added at the concentrations listed: okadaic acid (E), microcystin-LR (F), calyculin A (Ç), and tautomycin (å). Shown is the activity measured in the presence of the indicated concentration of toxin relative to that measured in controls in which toxin was omitted. All points represent the mean of duplicate determinations, plus or minus the standard error.
polypeptide species with an estimated M r of Ϸ30 kDa, which corresponds to the predicted size of PP1-arch2.
The functional properties of recombinant PP1-arch2 closely resemble those of the major protein phosphatase activity present in acetate-grown M. thermophila TM-1. The activity of recombinant PP1-arch2 was dependent upon the presence of divalent metal ions (Fig. 2) . Mn 2ϩ , Co 2ϩ , and Ni 2ϩ were the most effective activators. Mg 2ϩ and Cd 2ϩ were weakly stimulatory. The enzyme displayed no measurable activity toward reduced carboxyamidomethylated and maleylated lysozyme that had been phosphorylated on tyrosine, suggesting that it is phosphoserine-and phosphothreonine specific. Comparison of the rate of dephosphorylation of phosphocasein with that of glycogen phosphorylase a, both at a concentration of 0.5 M, indicated that the former was dephosphorylated at an approximately fivefold-greater rate than the latter. Recombinant PP1-arch2 was insensitive to heat-stable inhibitor-2, the regulatory subunit of mammalian PP1 that acts as a specific inhibitor of the latter in vitro.
In both its pattern of divalent metal ion activation and inhibition and its specificity for phosphoserine and phosphothreonine residues and in its apparent preference for phosphocasein over phosphorylase a in vitro, recombinantly produced PP1-arch2 mirrors the functional properties displayed by the protein phosphatase activity previously detected in extracts from M. thermophila TM-1 (15) . However, the most distinctive property of this archaeal protein phosphatase activity was its inhibition by a set of chemically diverse microbial toxins that act as specific and potent inhibitors of PP1 and PP2A: okadaic acid, a polyether fatty acid; microcystin-LR, a cyclic heptapeptide; and calyculin A, a polyhydroxylated fatty acid containing a phosphomonoester and two ␥-amino acids. The perceived specificity of these inhibitors is such that they are routinely used to identify the presence and dissect the roles of these protein phosphatases in eukaryotic organisms (5, 12) . Among the protein phosphatases and protein phosphatase activities characterized in various noneukaryotes, including PP1-arch1 from S. solfataricus and ORF 221 from bacteriophage , the protein phosphatase activity from M. thermophila TM-1 thus far is unique in its sensitivity to these microbial toxins. We therefore examined the effect of these compounds, as well as of an additional member of this family, the polyketide polyether tautomycin, on the activity of recombinant PP1-arch2.
As can be seen in Fig. 3 , all four toxins inhibited the enzyme in a dose-dependent manner. The estimated 50% inhibitory concentrations (IC 50 s) for each were 0.27 M for microcystin-LR, 0.31 M for okadaic acid, 0.40 M for tautomycin, and 0.60 M for calyculin A. These values were fairly consistent with those observed previously on the protein phosphatase activity detected in extracts from M. thermophila TM-1. In general, the IC 50 s for recombinant PP1-arch2 are 10 to 1,000 times higher than those observed for PP1 or PP2A from higher eukaryotes, which generally range from 0.1 to 5 nM. PP1-arch2 is, however, more sensitive to those compounds than is eucaryal PP2B.
To summarize, the cloning and expression of the gene encoding PP1-arch2 establishes the presence of PP1/2A/2B-like protein phosphatases within the two major subclasses of the Archaea, the Crenarchaeota (S. solfataricus) and the Euryarchaeota (M. thermophila TM-1). Based on their functional similarities, we conclude that PP1-arch2 is the source of the predominant protein phosphatase in acetate-grown M. thermophila TM-1.
